Doppler-free saturation of the cascade fluorescence that follows excitation of the 5s → 6p transition in atomic rubidium.
I. INTRODUCTION
The second resonant transition in alkali atoms has proven to be very useful in basic and applied research. For instance, the 5s → 6p transition in atomic rubidium has provided a confirmation for numerical calculations in magneto-optical and non-lineal rotational models beyond the D1 and D2 lines [1, 2] . It is also an effective, weak EIT probe of a three-level atom in the V configuration [3] . The 5s 1/2 → 6p 3/2 transition is commonly used as a first step for the generation of Rydberg atoms [4] [5] [6] [7] . The frequencies of the lines in the 5s 1/2 → 6p 1/2 absorption spectrum have been measured with uncertainties better than 70 kHz [8] . This precise measurement has led to the 5s → 6p lines to be used as frequency references in the blue range of the visible spectrum [9, 10] . These transitions also form part of a fourlevel optical clock [11] . The region of the spectrum in which these transitions occur makes them useful in applications in underwater and free space communication systems, and in remote laser monitoring systems [12] . One remarkable feature of these transitions is that they are weak, compared with the stronger D1 and D2 lines, which is an advantage in the perturbative study of cold atoms [2] .
The direct excitation of the 6p 3/2 level by means of 420 nm radiation gives place to fluorescence cascade decays which also provide means for very efficient detection [1, 2] . In addition to the direct decay back to the ground state, the cascade decay may occur via intermediate states (6s, 4d) which then decay to the 5p level. In this work we studied the fluorescence signal from the emission at 780 nm that takes place during 5p 3/2 level decay from the 5p 3/2 level to the ground state. Using two counter-propagating beams in the excitation scheme gives place to the generation of Lamb dips in the fluorescence spectra [13] [14] [15] and measurements of the lineshapes of the D1, D2 transitions in Li [16] .
Moreover, the use of counter-propagating excitation beams leads to Doppler free spectra, resulting in a simple technique that can be used to resolve the hyperfine structure of the 6p 3/2 manifold for thermal atoms of both rubidium isotopes. A simple calculation based on the rate-equation approximation [14] which includes the 5s ground and 6p 3/2 excited states, and that considers all possible cascade decay paths without polarization is also presented.
Furthermore, we show that by using an Acusto-Optic Modulator (AOM) and combining the original beam and modulated beam in a counter-propagating configuration (4 beams interacting with the atomic vapor), we were able to measure the hyperfine splitting of the 6p 3/2 manifold. Finally, we demonstrate that the Doppler-free fluorescence peaks can be used to lock the excitation laser frequency to any of the observed atomic transitions or cross-over resonances.
Section II describes the experimental configuration for thermal atom excitation and fluorescence emission detection. Section III presents calculation details for the Doppler free saturation effect.
Einstein rate equations regarding atomic population of all laser field coupled hyperfine states and also all intermediate decay states will be considered. Furthermore, by obtaining an expression of the 5p 3/2 depopulation and considering the atomic velocity distribution, a profile simulating the resonant fluorescence saturated experimental spectra is obtained.
Section IV shows the experimental fluorescence spectra for one and two beams inside the Rb cell. A comparison between the experimental and calculated spectra is presented. A description of the absolute frequency scale calibration based on an acousto-optical modulator for hyperfine splitting measurements is described. A comparison between our all optical results for the hyperfine splittings with the previously reported values is made. It is also shown that these hyperfine resolved spectra can be use to lock the frequency of the excitation laser. Finally conclusions are made in section V.
II. EXPERIMENTAL SETUP.
The experimental setup is shown in figure 1 . The same experimental arrangement was used to perform two separate experiments. In the first one (a), a narrow bandwidth diode laser (Moglabs ECDL with emission at 420 nm) is used to excite rubidium atoms in a room temperature glass cell with a magnetic -metal layer. The laser beam is expanded (6×) in a telescope and then sent through the glass cell. A flat mirror is used to retroreflect the 420 nm (AA optoelectronic) in a double pass configuration [17] ((b) in fig. 1 ). The main motivation for adding this feature to the spectroscopy system is to provide an absolute frequency calibration and precise control of the excitation laser detuning with respect to the atomic resonances.
The two beams previously mentioned will be hereafter referred to as the principal and with the corresponding branching ratios [18] . A 420 nm photon excites the 5s 1/2 → 6p 3/2 transition.
The excited atoms will then decay back to the ground state either by emission of a blue photon or by any of the two cascades shown in gray. The 5p j → 5s 1/2 (j = 1/2, 3/2) transition gives place to the emission of infrared photons at 780 nm or 795 nm.
III. CALCULATION
The principle of the experiments discussed here is better understood with the help of 
for the 6p 3/2 hyperfine multiplet, and
for the 5s 1/2 ground multiplet. In these equations W ad and W da are, respectively, the absorption and stimulated emission rates. The A ij are the spontaneous emission rates between states i (upper) and j (lower). The terms with the factor γ are included to take into account the entrance and exit of atoms from the overlap region of the laser beams. This means that state i loses population at a rate given by −γN i while the two 5s hyperfine states gain population at the rate γg a /g, where g a = 2F a + 1 is the degeneracy of the hyperfine state and g is the total degeneracy of the 5s multiplet.
The populations of all intermediate states (b and c) obey cascade equations of the form
where the k sum is over all upper states that can decay into state i and represents all states into which state i can decay.
Combining eqs. 1, 2 and 3 a set of 22 (24) 
Once one gets all populations in terms of W ad , W da and A ij , the 780 nm fluorescence will be proportional to
where the b sum is only taken over the hyperfine states of the 5p 3/2 manifold.
The values of the spontaneous decay rates A ij are calculated in terms of the transition line strengths S ij according to [15] A ij = ω
where F i is the total angular momentum of the upper state, and the line strength of a transition between any two hyperfine states is given by [15] :
The values of the S 0 J i J j line strengths for all states in our rubidium cascade were calculated by Safronova and co-workers [19, 20] . For completeness they are also given in Table I .
The absorption (W ad ) and stimulated emission (W da ) rates are expressed in terms of the laser detuning δ = ν − ν ij , the laser intensity I l and the line strength S da according to [15] :
Here G(δ, Γ) is the line profile
The line width used in this line profile is the total decay rate of the 6p 3/2 state, which is
To include the velocity distribution of the atoms, one writes the detuning in the rest frame of the atom in the presence of two counterpropagating laser beams of equal intensity, which gives a line profile
Hence, obtaining a 780 nm fluorescence intensity that results from excitation with a laser of frequency ν interacting with an atom with velocity v along the laser propagation direction, φ(ν, v). The fluorescence observed in the laboratory is then proportional to
The evaluation of this fluorescence function (eq. 11) was performed using the program
Mathematica. The population of the 5p 3/2 states were obtained using numerical values of all decay rates. Using the functional dependence of eq. 10, a numerical integration over the Doppler profile was carried out. An entrance/exit rate of 0.1 MHz was used. This corresponds to an average transit time of the atoms across the laser beams of 5 µs. 
IV. RESULTS AND DISCUSSION
A comparison between the 780 nm cascade fluorescence emission recorded with and without a retro-reflected 420 nm beam is shown in Figure 3 . As described in section III, this fluorescence emission spectra is generated as a result of atomic excitation population to the into a laser frequency standard deviation of the order of 290 kHz.
With the aim of establishing an absolute frequency scale for these measurements, which in turn allows for an all-optical determination of the hyperfine splitting and the hyperfine constants of the 6p 3/2 level, a beam from the 420 nm laser is sent into a light modulation system based on an acousto-optical modulator (AOM) in a double pass configuration [17] .
The frequency modulated beam is sent through and retro-reflected into the spectroscopy system. This generates two new identical sets of peaks, both with a known shift with respect to the features produced by the original beam. This then provides the absolute frequency reference for the measured spectra.
The spectrum shown in figure 5 is divided in three parts, denoted as A, B and C in the graph. Part A corresponds to the suppression of fluorescence due to simultaneous interaction
2 0 . 7 ( 7 ) 2 0 . 7 ( 7 ) f A O M = 1 2 7 . 3 ( 2 ) 3 9 . 2 ( 9 ) 3 9 . 2 ( 9 ) F l u o r e s c e n c e i n t e n s i t y ( a . u . ) Three main steps were taken to determine the hyperfine splittings and constants of the 6p 3/2 level. Firstly, the Doppler background was subtracted from the recorded spectra. To achieve the background free spectra of figure 5 , it was necessary to use two gaussian profiles, each of which related to the Doppler broadened fluorescence signal independently caused by the principal and modulated beams. These two gaussian profiles have the same Doppler width but are shifted from each other by the AOM modulation frequency.
The second step is to perform Lorentzian fittings of each line. The fitting for the 18 peaks was taken keeping the same line width for each group of peaks (group A, or B or C), but different between each group. The line width differences were mainly 2.8% and 7.5% between AB and AC groups, respectively. After gathering the relative positions of their centers in the spectra, an average of the distances between the group peaks (B i − A i ) and (C i − B i ) was taken, with i as the peak number from 1 to 6 of the hyperfine resonances and crossovers observed in each of the three parts of the spectra. All these differences correspond to the modulation frequency f AOM . The average is taken to reduce discrepancies that can be attributed to the non-linearities of the PZT scan [21] , instabilities of the laser, and uncertainties associated to the determination of the line centers, which in turn are the main limiting factors of the precision for the determination of the hyperfine structure of the 6p 3/2 state presented in this work.
Next, with the calibration factor derived from the previous step and considering all the atomic resonances and crossover combinations of all three groups, together with ten spectra taken for each hyperfine ground state, a total of 90 measurements for each hyperfine energy splittings of the 6p 3/2 state were take into account to obtain the values shown in table II. Finally, the hyperfine constants values can be found using the energy splittings and applying the hyperfine energy formula [22] . An overdetermined equation system is obtained and resolved with a least squares regression. The resulting values are shown in table III.
The experimental values of the hyperfine splittings for each of the four measured manifolds shown in table II are, within the precision of the measurement presented in this work and in agreement with the corresponding energy splittings reported by Bucka et al. [23] . The hyperfine constants derived from the measured splittings presented in table III for both Rb isotopes are also in good agreement with the values previously reported in [23, 25] by Arimondo et al. [22] , with which our measurement fully agrees. The authors of [24] acknowledge the difference but do not present an explanation for such disagreement. The
Safronova reported values [25] are theoretical results calculated using the relativistic allorder method including partial triple excitations. Our results are in agreement with the reported values of this high-precision systematic study.
In our results, the uncertainties remain above a few MHz. The main limiting factor in our measurements is due to non-linearities of the PZT scanning, mostly for broad scans ∼ 300 MHz. A good example of this is the measurement for 87 Rb, for which the energy splittings are larger and so is the relative error. It is also important to consider that, as specified by the manufacturer, the linewidth of the laser is < 140 kHz. Nevertheless, the discrepancies with previous and more precise measurements reported in the literature are well within the uncertainties achieved by the spectroscopy system reported in this work.
V. CONCLUSIONS
We present a simple experimental system for a sub-Doppler resolution in rubidium atoms at room temperature. This system allows to resolve the hyperfine structure of the excited 6p 3/2 state of either of the two most abundant rubidium isotopes and has the advantage of resolving the atomic and crossovers transitions.
A numerical calculation for a rate equation model for the populations of 87 Rb and 85 Rb was explored. The calculation considers the entire hyperfine structure of all the involved states to describe the saturation effects on the cascade fluorescence. Also, we notice that there are effects of light polarization that tend to suppress the crossover transitions (2,1),
(1,0) for the 85 Rb (F = 2) and 87 Rb (F = 1) respectively. We are currently analyzing these polarization effects and the absence of the aforementioned crossover transitions.
One clear advantage of our experimental scheme is the detection of fluorescence in a region of the spectrum that is far away from the excitation laser line. This simplifies the detection due to the fact that all scattered laser light is not sensed by the PMT. The geometrical simplicity of the detection system allowed the incidence of the principal and modulated beams inside the cell and thus an absolute frequency scale was achieved. This allowed the optical measurement of the hyperfine energy splittings with megahertz accuracy and in good agreement with previously reported values.
